INTRODUCTION
Many experimental studies have been devoted during the past two decades to the spectroscopy of CaOH, 1 including millimeter wave rotational spectroscopy 2, 3 as well as studies of electronic transitions involving the Ã 2 ⌸, B 2 ⌺ ϩ , C 2 ⌬,
and G 2 ⌸ states. 4 -10 The monohydroxide molecules of metals are of interest for studies of the chemistry of metallic elements in the envelopes of oxygenrich stars as well as in molecular clouds. 2 It is predicted that CaOH is the most abundant molecule containing Ca at Tϳ1000-2000 K, although attempts to detect it have failed. 2, 11 Theoretical calculations on CaOH have been devoted to the ground state geometry and dissociation energy, 12, 13 to the equilibrium geometry and dipole moment of the lowest three electronic states, 11 to the determination of the different stable ground state geometries 14 and also to the vertical transition energies at the ground state experimental geometry. 15, 16 The electronic structure of CaOH can be described by an ionic model, Ca ϩ OH Ϫ , whereby the excited states are obtained by excitation of an unpaired Ca 4s electron into higher ns, np, and nd levels. 9, 11 Accordingly, the ground and these Rydberg excited states have similar ͑linear͒ geometry, which is consistent with theoretical work 11 and experimental findings for most of the observed excited states. A bent excited state has been proposed correlating with the ͑3d͒ F 2 ⌸ linear state, as deduced from extensive activity in the bending vibration in the observed spectra; 8 indicating considerable covalent character for this state. Configuration interaction calculations on the lighter members of this series, BeOH and MgOH, where covalent bonding is expected to contribute, did find the first excited state, 2 2 AЈ, correlating with the A 2 ⌸ of linear geometry, to have a bent equilibrium geometry in both systems. 17 The 2 2 AЈ state of BeOH was found to have a minimum energy geometry with a bond angle of 116°and a barrier to linearity of 3710 cm Ϫ1 , while the corresponding state of MgOH was found to have a minimum at 115°at a transition energy of 3.34 eV with respect to the ground state and with a barrier to linearity of 2216 cm Ϫ1 . 17 These results are in good agreement with the existing experimental data for MgOH , with 119°for the bond angle, a transition energy of 3.299 eV and a barrier height of 1970 cm Ϫ1 . 18 For the heavier system, SrOH, for which a number of transitions have been observed, linear geometries have been proposed for all the excited electronic states, including the C 2 ⌸ state, in which substantial Renner-Teller activity is assumed, causing pronounced activity in the bending vibrational mode. 19 Theoretical calculations of the potential energy curves of the excited states of CaOH which might clarify whether a bent excited state of this system exists have not yet been reported.
In the present work, ab initio multireference double excitations configuration interaction ͑MRD-CI͒ calculations [20] [21] [22] on the doublet excited states of CaOH for linear and bent geometries are presented, in an effort to provide theoretical information for the spectroscopically observed states of this system. The present work is continuing the effort 17 to determine structural trends for the metal monohydroxides and M-OH bond formation.
CALCULATIONS
Ab initio MRD-CI calculations have been carried out on electronic states of CaOH for linear and bent geometries involving different values of the Ca-O bond length, varying from 2.8 bohr to 10.0 bohr, and of the bond angle between 110°and 180°. The O-H bond length was fixed for these calculations at the experimental value 0.922 Å. 1, 3 In an additional set of calculations in which the Ca-O bond length was varied between 3.5 and 3.9 bohr and the bond angle between 130°and 180°, the O-H bond length was changed from the above value to the bond length of OH Ϫ ͓0.970 Å ͑Ref. 23͔͒, in which intervals also lie other experimental 10 as well as theoretical estimates [12] [13] [14] of the O-H bond length in the ground electronic state of CaOH.
For the K and L shells of Ca and the K shell of O, effective core potentials have been employed. 24, 25 The valence AO basis sets employed for Ca and O are listed in Table I . The AO basis set for hydrogen is the ͑6s/4s) 26 augmented with 2p polarization functions ͑exponents 0.7 and 0.2͒ and s ͑exponent 0.025͒ and p ͑exponent 0.035͒ diffuse functions.
Before adopting the above basis sets, test calculations were carried out with different basis sets, with and without effective core potentials, including the AO basis set employed previously, [11] [12] [13] [14] in order to examine the convergence of the results with the basis set. Furthermore, exploratory calculations for testing the CI procedure were carried out, involving 17, 9, and 7 electrons, respectively, in the CI calculations. It was found that for excitation energies, the results of the 7-electron configuration interaction calculations of the present work were comparable to those of previous work. 15 As also found previously, 11 a larger value is obtained for the ground state equilibrium Ca-O bond length with the 7-electron than with the 17-electron CI calculations, the latter being closer to the experimental value. The 9-electron calculations also overestimate the ground state equilibrium bond length. It has been found that the precise calculation of the Ca-O bond length in CaOH and in CaO requires the inclusion of core-electron correlation. 27 In the present work the main object is the determination of potential energy surfaces of a large number of excited states of CaOH rather than the precise determination of the molecular geometry. For this reason the 7-electron treatment has been employed in the present calculations, in order to keep the calculations trac- reference configurations, respectively, with respect to which all single and double excitations are generated. Selection with a threshold ͑T͒ of 0.5 hartree resulted in CI spaces varying between 50 000 and 100 000 configurations at the different geometries. In all the calculations presented in the present work, extrapolation of the calculated eigenvalues to Tϭ0 was carried out as well as a full-CI correction. 28 In the C s calculations, the reference spaces consisted of 71 configurations for the 2 AЈ and 75 configurations for the 2 AЉ calculations. The same selection threshold as in the C 2V calculations, 0.5 hartree, was employed for calculations involving values of the Ca-O bond length between 2.8 and 10.0 bohr and for the ϽCaOH bond angle between 110°and 180°. The O-H bond length was fixed at the experimental r 0 value of 0.922 Å or 1.742 351 bohr. The CI spaces of these calculations varied between 100 000 and 200 000 configurations over the different geometries. Finally, calculations for short Ca-O bond lengths between 3.2 and 4.2 bohr, corresponding to the region of the minima, and the same angle range as above, employed a selection threshold of 0.025 hartree, resulting in CI spaces of 300 000-400 000 configurations, in order to have more precise determinations in that region. In the latter set of calculations, for bond angles between 130°a nd 180°variations in the O-H bond length were also considered, taking values between 1.742 351 and 1.84 bohr ͑the latter value being slightly larger than the experimental equilibrium bond length of the OH radical͒ in order to obtain theoretical estimates of the equilibrium geometries of the different states. 
RESULTS AND DISCUSSION
The Ca-O stretching potential energy curves obtained from the C 2V calculations are shown in Fig. 1͑a͒ ͑ 2 ⌺ ϩ states͒ and Fig. 1͑b͒ ͑ 2 ⌸, 2 ⌬, and 2 ⌺ Ϫ states͒. As shown, the excited states have typical Rydberg minima for Ca-O distances between 3.65 and 3.8 bohr, but at larger distances they show interactions and avoided crossings, especially in the potentials of the 2 ⌸ states. The Ca-O stretching potential energy curves obtained from the calculations in C s symmetry appear to be even more complicated, cf. Fig. 2 . However the seemingly spurious bumps can be resolved at linear geometries in terms of crossings between different states having the same symmetry in the C s point group, as shown in Fig. 2 , where the lines are obtained from the C s and the points from the C 2V calculations. For nonlinear geometries, the Ca-O stretching potentials retain their basic appearance, with small variations in the barrier heights, cf. Fig. 3 , where typical Ca-O stretching potentials have been plotted for bond angles of 160°and 120°. It may be seen in Fig. 3 that, as also mentioned above, for Ca-O bond lengths smaller than about 4.5 bohr, the potential energy curves of the excited states of CaOH have the typical appearance of Rydberg states, while at larger bond lengths they become very complicated. The same type of qualitative picture has also been obtained previously for the potential energy curves of the excited states of MgOH and BeOH. most of the transitions the theoretical values are within 0.05 eV ͑and within 0.1 eV for the higher states͒ of the experimental. However there is a large discrepancy ͑of about 0.33 eV͒ between the present theoretical and experimental T 0 values for the C 2 ⌬ state, for which a similar difference is also found between the experimental and the theoretical values of previous work. 15 Since the theoretical methods and basis sets employed in the present work are quite different from those of the previous theoretical study, 15 Fig. 4 . Allowing for the different vertical scale in these diagrams it may be seen that the bending potentials of the excited states generally resemble that of the ground state, with the exception of 6 2 AЈ which is shallower. In fact, the 6
2 AЈ state appears to be quasilinear in the sense that the bending potential is very flat near the linear geometry. Decreasing the bond angle from 180°down to 160°only raises the energy by 20 cm Ϫ1 , in the calculations shown in Fig. 4 . At larger Ca-O bond lengths, bent geometries are favored, cf. Fig. 5 , where bending potentials of the ground, Ã 2 ⌸, B 2 ⌺ ϩ , and D 2 ⌺ ϩ states are shown for different values of the Ca-O bond length and with O-H fixed at 1.742 351 bohr. However at these geometries the calculated energies are much higher than for the shorter bond lengths ͑cf. Fig. 6͒ . Thus in the potential energy curves presented thus far there is no evidence for a bent F excited state of CaOH, which correlates with a linear 2 ⌸ state, as has been proposed previously on the basis of the observed spectra. The state most closely resembling this description would be the 7 2 AЈ state, which has a rather shallow minimum ͑with a barrier to linearity of about 50 cm Ϫ1 along this cross section͒ in the bending potential for Ca-Oϭ3.7 bohr, at 175°, which results from an avoided crossing between the 6 2 AЈ and 7 2 AЈ states ͑cf. Fig. 6͒ . This might be contrasted with the MgOH and BeOH systems, where as mentioned in the Introduction, our calculations have shown that the first excited state in both systems is bent, with relatively deep minima, of 2216 cm Ϫ1 at a bond angle of 115°and 3710 cm Ϫ1 at 116°, respectively. it appears that it is 7 2 AЈ that correlates with F 2 ⌸, this is only the case at bond angles very near 180°, while there is the above mentioned avoided crossing between the 6 2 AЈ and 7
2 AЈ states at a bond angle of 175°, cf. Fig. 6 . It is instructive to compare the Ca-O stretching potentials of the 6 2 AЈ and 7
2 AЈ states at different bond angles, including the linear calculations, shown in Fig. 7 . As shown there, at the linear geometries there is a crossing of the Ẽ 2 ⌺ ϩ and F 2 ⌸ states at a Ca-O bond length of 3.75 bohr. When the bond angle decreases, the basic structure is retained except that now the crossing becomes avoided crossing and the curves move apart for smaller bond angles ͑cf. plot at 145°in Fig. 7͒ . The present findings are in agreement with the experimental evidence of mixing between the Ẽ and F states, 8 2 AЉ ͑see above͒, have linear minimum energy geometries. It is rather tenuous to insist on the existence of the above off-linear minima found for some of the 2 AЈ states, given the small energy differences involved and the accuracy of the present calculations. However, the present results indicate that, as mentioned above, for certain of the electronic states of CaOH a number of molecular geometries involving small variations in the molecular parameters, including the bond angle, have nearly identical energies. Much larger calculations, including core correlation effects might yield a more precise determination of the equilibrium geometries of the ground and excited states of CaOH. Recent RCCSD͑T͒ calculations on the ground state of CaOH, employing quadruple-zeta and quintuple-zeta basis sets and 17-electrons in the CI calculations resulted in excellent agreement of theoretical and experimental bond lengths as well as vibrational-rotational term values and B v values. 27 As shown in Table III , the calculated transition energies corresponding to the minimum energy geometries ͑T e ͒ are not significantly different from the vertical transition energies listed in Table  I , demonstrating that there is a nearly uniform lowering of the energies of the states calculated when the O-H bond length is increased from 1.742 351 to 1.80 bohr.
CONCLUSIONS
Effective-core MRDCI calculations have been carried out on the potential energy surfaces of the ground and excited electronic states of CaOH. The calculated transition energies are in good agreement with previous theoretical and with experimental values, with the exception of the C 2 ⌬ →X 2 ⌺ ϩ transition energy for which there is a discrepancy between the theoretical and the experimental values of over 0.33 eV. All the states calculated favor linear geometries, with the exception of 2 2 AЉ state ͑correlating with C 2 ⌬͒ and 7 2 AЈ ͑correlating with F 2 ⌸͒. These states are quasilinear with a barrier to linearity of 84 cm Ϫ1 and 92 cm Ϫ1 , respectively.
ACKNOWLEDGMENTS
The present work was supported by a Greece-Poland bilateral collaboration program and by NATO PST. CLG.978504.
